The interaction of calmodulin with purified guinea pig liver transglutaminase was studied. The nucleotide (ATP and GTP) hydrolysis activity of this tissue transglutaminase was tran siently increased and then gradually decreased depending on calmodulin concentration. The peak activation was obtained in the presence of a stoichiometric amount of calmodulin. The effect of calmodulin on the classical transglutaminase activity was minimal. Fluorescence spectroscopy dem onstrated that the enzyme produced a significant blue shift in the emission peak of dansylated calmodulin. Interestingly, Ca2+ was not required for the interaction be tween the two proteins. The results described here give an additional regulatory role to calmodulin.
Introduction
C alm odulin (C aM ) is a u biquitous C a2+-binding protein, which regulates various C a2+-related cellular processes (K lee and C ohen, 1988) . C a2+-CaM com plex is involved in such diverse reactions as the activation of phosphodiesterases, adenylate cyclases, protein kinases, phosphatases, C a2+-ATPases, and so forth. T ransglutam inase (R-glutam in y lp e p tid e ; am ine y-glutam yltransferase, E C 2.3.2.13) catalyzes an acyl tran sfer reaction b e tw een peptidyl glutam ine residues and prim ary am ines including the e-am ino g roup of lysine resi dues in proteins (Folk and Finlayson, 1977; L orand and C onrad, 1984) . The enzym e is distributed widely in cells, tissues, body fluids and even in plants and b acteria (Folk and Finlayson, 1977; L orand and C onrad, 1984; Chung, 1975 1990; Folk and Chung, 1973 activated by CaM (Puszkin and R aghuram an, 1985) . A n o th e r re p o rt show ed that CaM indirectly inhibited the activity of blood coagulating factor X III (a plasm a transglutam inase) by low ering the free C a2+ concentration through chelation (C ohen et al., 1986). H ere, we rep o rt (a) the effect of CaM on the nucleotide hydrolysis activity which is a re cently rep orted activity associated with guinea pig liver transglutam inase (Lee et a l, 1989 (Lee et a l, , 1993 , and (b) evidence for the direct binding of CaM to transglutam inase.
M aterials and M ethods
Reagents ATP, GTP, bovine brain CaM and its dansylated form (dC aM ) w ere purchased from Sigma. The p u rity of CaM was confirm ed by sodium dodecylsulfate-polyacrylam ide gel electrophoresis (Laem m li, 1970) . Lyophilized CaM was reconstituted in TBS. G uinea pig liver transglutam inase was purified to hom ogeneity from a com m ercial source (Sigma) by G T P-agarose affinity chrom atography, as p re viously rep o rted (Lee et a l, 1989) except th at 2.5 m KC1 was used to elute the protein. The purified enzyme was stored in aliquots at -7 0 °C. Protein concentration w ere determ ined by B radford m ethod (B radford, 1976) . (Puszkin and R aghuram an, 1985) was applied to obtain the d e sired free C a2+ con cen tratio n in the presence of 30 [.im E G T A . CaM was presen t in each assay at the indicated concentrations. CaM itself did not show any significant activity as nucleotidase or transglutam inase, n eith er w orked as a substrate for transglutam inase.
F luorescence sp e ctro p h o to m e try
In o rd e r to detect an interactio n betw een tra n s glutam inase and CaM , 0. We previously rep o rted G T P hydrolysis activity of guinea pig liver transglutam inase (L ee et al., 1989). We found th a t A TP was similarly hy drolyzed by the enzym e as shown in Fig. 1 . The effect of CaM on both A TP and G T P hydrolysis activities associated with guinea pig liver tra n s glutam inase was tested. A TP hydrolysis was tra n 454 E n zy m e assay siently enhanced and then gradually decreased d e pending on CaM concentration ( Fig. 1 A and C) . The biphasic effect of CaM was also observed in G T P hydrolysis activity, although to a lesser extent ( Fig. 1 B and D) . The m axim al en h an cem en t in hy drolytic activities was ob tain ed at -0.1 (.i m CaM for 0.11 [im transglutam inase and at -0.2 |im CaM for 0.22 ja m transglutam inase. Such a CaM effect on nucleotide hydrolysis activity was poorly d e pendent on the presence of C a2+. W hen the CaM effect on the classical transglutam inase activity was tested, it was small but the peak activity was observed again around an equim olar ratio of CaM to the enzym e (Fig. 2) . We fu rth e r tested C a2+ d e pendency of CaM effect on the transglutam inase activity. H ow ever, it was only m inor at a stoichio metric, or even excess, C aM ;en zy m e m olar ratio (data not shown).
Fluorescence sp ectro p h o to m etry
In o rder to d em onstrate the interaction betw een transglutam inase and C aM , we em ployed dCaM whose fluorescence signal was revealed to change depending on specific C aM -binding protein (K incaid et al., 1982) . The fluorescence spectrum of dCaM indeed altered significantly in the pres ence of transglutam inase, C a2+ or b oth (Fig. 3 A ) . The emission peak shifted from 5 2 5 -5 3 0 nm to (a) 5 1 7 -5 2 0 nm with the addition of an equim olar am ount of the enzyme, (b) 5 0 0 -5 0 3 nm with C a2+ and (c) 4 8 8 -493 nm w hen bo th transglutam inase and C a2+ w ere present. The fluorescence intensity of dCaM increased in the presence of the enzym e and/or C a2+ (Fig. 3 A ) . The em ission p a ttern of dCaM did not shift w hen B SA , instead of tra n s glutam inase, was p resen t (d ata not show n).
The tim e course of em ission intensity of dC aM is illustrated in Fig. 3 B. The intensity decreased gradually m ost likely as a consequence of the denaturation of CaM m olecule. H ow ever, the addition of C a2+, transglutam inase or both, all protected dCaM from the fluorescence dim inu tion, though to differing extents (transglutam inase plus C a2+ > transglutam inase > C a2+). The results shown in Fig. 3 indicate an interaction of guinea pig liver transglutam inase with CaM . It m ay be em phasized that such interaction was significant even in the absence of C a2+. 8 [xg (0.22 [xm, panels C and D) , respectively. Panels A and C: O, ATP/ +Ca2+; • , A T P /-C a2+; panels B and D: A , GTP/+Ca2+; ▲, G T P /-C a 2+. Values represent mean ± SEM for replicate samples from 6 -9 experi ments. *: Significantly differ ent (p < 0 .0 2 , student r-test) from no CaM sample. Control activities assayed in the ab sence of CaM were 12.40 ± 0.49, 13.52 ± 0.41, 10.64 ± 0.40 and 11.77 ± 0.52 nmol/ mg h for ATP/+Ca2+, ATP/ -C a 2+, GTP/+Ca2+ and GTP/ -C a 2+ samples, respectively.
D iscussion
The dC aM fluorescence study revealed an in ter action betw een transglutam inase and CaM (Fig. 3) . Fig. 1 d em o n strates regulation of the n u cleotide hydrolysis activity of guinea pig liver transglutam inase by CaM . Interestingly, this CaM effect was biphasic. O n the contrary to the re p o rted CaM activation of platelet and chicken giz zard enzym es (Puszkin and R aghuram an, 1985) , the CaM effect on the "classical" transglutam inase activity of guinea pig liver enzym e was small (Fig. 2) . It is unlikely th a t the CaM effect was due to its C a2+-chelating ability, since (a) a large excess of C a2+ to CaM was used in assay m ixtures and (b) the biphasic CaM effect was also observed in the nucleotide hydrolysis assay from which C a2+ was om itted (Fig. 1) . R ath e r the biphasic CaM ef fect probably suggests th a t guinea pig liver tran s glutam inase contains m ultiple C aM -binding sites. As shown in Fig. 1 (and also in Fig. 2 , though ap parently less effective com pared to Fig. 1) , the maximal effect of CaM on the enzym atic activities of transglutam inase was observed around a stoi chiom etric ratio of the two proteins. It is also of interest to note th at CaM site(s) of guinea pig liver transglutam inase is essentially C a2+-independent as show n in Fig. 1 and 3 . F u rth er physicochem ical and protein chem ical studies are req u ired to clar ify the interaction b etw een these tw o proteins. The physiological con cen tratio n of free C a2+ in cells is at most 10 |xm (usually ~1 (.im or low er), although C a2+ concentration may oscillate during cellular processes (Berridge, 1990) . In in vitro assay, the "classical" transglutam inase activity at 10 [xm free C a2+ was less than 10% of the full activity o b ta in able at >200 (im C a2+, and CaM show ed only a small effect in a tested range (0 .1 -1 0 0 [xm) of C a2+ concentration (data not show n). F u rtherm ore, G T P exists in a significant concentration to suffi ciently suppress the tissue type transglutam inase activity (A chyuthan and G reenberg, 1987; Bergamini et al., 1987) . Thus, the tissue transglutam inase may not efficiently function as "classical" tra n s glutam inase in a constant m anner. To the contrary, the nucleotide hydrolysis activity of guinea pig liver enzym e is essentially C a2+-in d ep en d en t (Lee et al., 1989 and Fig. 1 ). H ence, the enzym e m ay be m ore physiological as a nucleotidase ra th e r than as a "classical" transglutam inase. R ecent reports have proposed th at tissue transglutam inase ap pears to be involved in various cellular processes that depend on grow th factors and cytokines (G reenberg et 
